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ABSTRACT: Tantalum diselenide (TaSe,) is a metallic transition metal |300 Kl '
dichalcogenide whose structure and vibrational behavior strongly depend on
temperature and thickness, and this behavior includes the emergence of charge
density wave (CDW) states at very low temperatures. In this work, observed
Raman modes for mono- and bilayer are described across several spectral regions
and compared to those seen in the bulk case. These modes, which include an
experimentally observed forbidden Raman mode and low-frequency CDWs, are
then matched to corresponding vibrations predicted by density functional theory
(DFT). The reported match between experimental and computational results 100 150 Bulk
supports the presented vibrational visualizations of these modes. Support is also
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provided by experimental phonons observed in additional Raman spectra as a
function of temperature and thickness. These results highlight the importance of understanding CDWs since they are likely to play a
fundamental role in the future realization of solid-state quantum information platforms based on nonequilibrium phenomena.
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Bl INTRODUCTION

Layered two-dimensional (2D) materials are the subject of
many research pursuits for their versatile and novel proper-
ties.'~* Among those 2D materials, TaSe, attracts interest due
to its ability to host charge density wave (CDW) states,
yielding potential functions in quantum information science.>
Applications for quantum devices often require fabrication of
an atomically thin material to maximize the tunability of the
material’s properties.7 For layered materials, quantum confine-
ment can heavily contribute to any layer-dependent properties.
It then follows that a comparison between monolayer (1L),
bilayer (2L), and bulk systems should be made to provide a
general understanding of what modes emerge and how their
behavior differs with thickness.

Generally, layered 2H-TaSe, exhibits an incommensurate
CDW (IC-CDW) phase between 122 and 90 K as well as a
commensurate CDW (C-CDW) phase below 90 K.*” Also,
since the superconducting phase transition of 2H-TaSe, occurs
at 0.2 K, the corresponding phase does not coexist with the
CDW phase, rendering this material an ideal system for
studying the layer dependence of these quantum phase
transitions. To date, several studies have focused on the
evolution of electronic structures and CDW formation,'®™ "3
but few explore low-frequency modes.'* Though various
modes in atomically thin 2H-TaSe, as well as other similar
materials like NbSe, are described to some degree by Raman
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spectra in other works, many modes elude sufficient

visualization, warranting an investigation like the one presented
here.”’ ™’ A comprehensive examination of these modes with
density functional theory (DFT) is crucial to the general
understanding of the quantum phenomena seen in these
materials systems, such as superconductivity and charge
density waves. Furthermore, this quantitative assessment of
the observed modes is vital for future efforts to realize solid-
state quantum information platforms based on nonequilibrium
phenomena.”®

In this work, experimental data from Raman spectroscopy
and calculated predictions from DFT were used to examine the
observed low-frequency CDW modes and the forbidden mode
in layered 2H-TaSe,. Specifically, DFT was used to calculate
the appropriate electronic structures of 1L, 2L, and the bulk
material until a suitable agreement was found for well-known
higher-frequency modes (namely, the Ej, and A;, modes).
This agreement served as a support for the notion that
subsequent modes found in the mid- and low-frequency ranges
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could be accurately described by the same DFT model. The
various vibrational modes are discussed for both 300 K and
temperatures below the CDW phase transitions, with
discussions around the temperature-dependent behavior of
those modes. Significant differences between the phonons of
atomically thin and bulk systems were observed, and these
modes are described visually since such descriptions are lacking
in the literature.

B METHODS AND RESULTS

Calculations were obtained with Quantum ESPRESSO, with the core
plane-wave functions provided by the plane-wave self-consistent field
(PWscf) component.zg_?’l The Perdew—Zunger (PZ) exchange and
correlation functionals were used for the phonon calculations within
the applied local density approximations (LDAs).*> Applying LDAs
yielded a more accurate description of the optical properties of TaSe,
than the generalized gradient approximation (GGA), despite the
general tendency of LDAs to underestimate the exchange energy and
overestimate the correlation energy.”> Norm-conserving pseudopo-
tentials were used for describing the interactions between the core
and valence electrons.”**

All DFT calculations were done at a thermal temperature of 0 K,
but to model the temperature-dependent formation of various Raman
modes, the electronic temperature was modulated by tuning the
smearing factor o, a parameter that describes the Fermi—Dirac
distribution. The effect of temperature on the phonon properties was
also explored.**™*" The approach of modeling real temperature effects
with electronic temperature variations was validated by computing the
lattice expansion as a function of temperature and comparing it with
experimental results. Mode frequencies were determined at the
gamma point after simulating the predicted electronic and phonon
band structure of each material system (1L, 2L, and bulk).

Ground state calculations were performed by relaxing atomic
positions and lattice vectors of 1L 2H-TaSe, (point group Ds;). The
optimized lattice constants (ar,g, = 0.337 nm and cr,g, = 1.23 nm)
are within reasonable ranges when compared with other computa-
tional studies.”""** The 1L supercell was constructed having nine unit
cells (3 X 3 X 1) and used a sufficiently large vacuum (greater than 20
A) in the vertical direction to negate any interaction between
neighboring supercells. The kinetic energy cutoft of the plane-wave
expansion was 520 eV. All geometric structures were fully relaxed until
the force on each atom was less than 0.002 €V/A, and the energy
convergence criterion was 1077 eV. For the unit cell and supercell
structure relaxation, a 16 X 16 X 16 and 3 X 3 X 8 k-point grid were
used, respectively. For the 1L and 2L unit cell and supercell, we used a
16 X 16 X 1 and 9 X 9 X 1 k-point grid, respectively. For phonon
calculations, a 4 X 4 X 4 uniform g-grid was used for the unit cell and
only performed gamma point phonon calculations for the supercell (3
X 3 X 1). Further details are included in the Supporting Information.
Ultimately, it is this supercell structure that gives the most insight into
how the CDW phase equilibrates below the transition temperature.
The structure can then be used to calculate phonon and electronic
band structures from which Raman transition lines are calculated.

For the experimental data, crystals of 2H-TaSe, were grown from
Ta metal and Se (99.95 and 99.999% purity, respectively) via iodine
vapor transport. The process time ranged from 250 h to 300 h, and
the temperature gradient ranged from 600 °C to 620 °C, with the
crystals growing within sealed quartz tubes at the cooler end of the
furnace. A slight Se excess near 0.2% was included to ensure proper
stoichiometry in the final crystals. An illustration of this material
growth process and system is provided in Figure la. Samples were
mechanically exfoliated on Si/SiO, substrates (300 nm oxide layer)
using adhesive tape to peel the layers off. To prevent issues arising
from oxidation and humidity, samples were prepared under an inert
nitrogen environment and loaded directly into a gaseous helium-filled
cryostat, where it is then cooled to the desired temperature.

During Raman spectrum acquisition, a 515 nm laser excitation was
used at sample temperatures between S K and 300 K. Both 1L and 2L
samples were identified with optical contrast and well-known Raman
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Figure 1. (a) An illustration of the material growth process and the
atomic structure of TaSe, is shown. (b) Experimental Raman spectra
are presented here for the 1L (red curves), 2L (blue curves), and bulk
(green curves) TaSe, at two temperatures: 300 K (top panel) and § K
(lower panel). Two vertically shortened panels are displayed at the
bottom for DFT modes at the two temperatures with corresponding
color schemes. The comparisons of these spectra are subdivided into
three intervals: high-, mid-, and low-frequency region. The shaded
region in the 5 K measurements highlights the low-frequency CDW
modes.

modes (E71_g and Alg). Scattered light was collected by using a triple-
grating spectrometer to enable low-frequency measurements (with a
detection as low as 10 cm™"). The modes in all Raman spectra were
characterized by Lorentzian profiles to extract the position and width
information, unless otherwise stated.

A comparison of DFT predictions to experimental Raman spectra is
shown in Figure 1b, where the predictions were obtained from the
calculated structures for the supercell (3 X 3 X 1) of 2H-TaSe,, for
the 1L, 2L, and bulk cases at endpoint temperatures of 10 and 300 K
and compared to Raman spectra obtained at 5 and 300 K. Although
bulk 2H-TaSe, is predicted to exhibit 12 phonon modes, represented
by I' (Dgy) = Ayg + 2Ag, + By, + 2B, + Eyy + 2B, + By, + 2E,, only
four are Raman-active: Ay, E|y, and two E;; modes.

The DFT-calculated peak positions, shown in the lowest panel of
Figure 1b, align well with the experimental data, providing support for
this model in terms of characterizing other lesser-known modes. A
discrepancy in the high-frequency data appears between DFT and
experimental data. Going from bulk to 1L appears in the data as an
increase in frequency, despite the opposite trend being predicted.
Similar opposite trends from bulk to few-layer TaSe, have also been
seen in another DFT work.”” Two potential reasons for this
discrepancy are the physical presence of a substrate hindering
freestanding vibrations (which DFT represents) and the strain
imposed from a substrate, which can increase the overall measured
frequency of the mode.*

There are several significant changes when transitioning from room
temperature (300 K) to below the CDW phase transitions (S K) that
will be detailed in due course. Raman spectra will be evaluated within
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each of the following three spectral regions: (a) high-frequency range
(above 200 cm™), (b) mid-frequency range (100—175 cm™'), and
(c) low-frequency range (below 100 cm™"). The exact spectral region
bounds were chosen arbitrarily for the sake of orderliness, but the
high-frequency range was specifically selected to validate the DFT
model used for subsequent descriptions of modes found in the other
two spectral regions.

Using the experimental data in Figure 2a as a reference, the
evolution of the theoretically predicted high-frequency modes A, and
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Figure 2. (a) The two experimentally observed high-frequency modes
for TaSe, are shown for 1L, 2L, and bulk. (b) In the top panel, 1L
Raman spectra are shown as a function of temperature. The bottom
panel shows the 2L case. (c) The theoretically derived data of the Eig
mode is observed to abruptly begin shifting as the temperature
decreases (represented by the left vertical axis). Corresponding
experimental data are shown with the same data point format and
represented by the right vertical axis. (d) The theoretically derived
data of the A, mode is shown as a function of electronic temperature
() and compared with experimental data (red and blue circles for 1L
and 2L, respectively). The error bars indicate a 16 standard deviation
from the determined peak value using Lorentzian fits and, in some
cases, are smaller than the data points. (e) Illustrations of the 1L Ta
atoms’ (E%g) vibration direction are shown at 300 K and (f) 10 K.
Note that, despite the appearance of this mode as simply displaying a
blueshift with decreasing temperature, its inherent vibrations at the
two temperatures are different.

Eig in the 1L case is shown in Figure 2b—d. Both 1L modes display a
blueshift with decreasing temperature, similar to their bulk counter-
parts, though the nature of those modes is inherently different
between 1L and bulk, as discussed below. The experimental Raman
spectra and DFT results agree within 10 cm™" for the E}, mode and
within 2 cm™ for the Aj; mode, which exhibited a slightly smaller
blueshift than the Eég mode. The differences in the trend for A, could

be due to the experimental data being taken on a sample mounted on
a substrate. This consideration would be consistent with A, being an
out-of-plane mode, thus being strongly influenced by its surrounding
environment. Additional polarization data are shown in the
Supporting Information.

Another experimental observation was made in the temperature-
dependent change of frequency exhibited by the A, and Eig modes.
In the 1L case, the two peaks blueshifted with decreasing temperature
by 4.1 cm™ + 1.2 em™ and 6.2 + 0.2 cm™, respectively, where the
error indicates a 1o standard deviation. For the bulk case, those two
shifts were 5.0 cm™ + 02 cm™ and 67 cm™ + 02 cm™,
respectively. The different behavior between the 1L and bulk
temperature-dependent shifts can be explained consistently with
results reported in another work.”” To summarize, the Ajymode in 1L
(and 2L) experiences a decreased force constant due to a weakening
van der Waals force in thin materials, which is why the temperature-
dependent shifting of this mode is nearly identical to 1L, 2L, and bulk
(to within experimental error). Second, the temperature-dependent
shift of the E71_g mode is greater in bulk compared to the 1L case,
highlighting the decreasing strength of long-range Coulomb
interactions as the material became thinner.**~*

The most significant temperature-dependent similarities between
the atomically thin material and bulk are the smooth behavior seen in
the A, mode and the abrupt onset behavior observed for the E;l_g
mode. The slope discontinuity seen for the theoretically derived Eig
mode in 1L (Figure 2b) as well as that seen theoretically and
experimentally in bulk®” is due to the Ta atoms abruptly changing the
vibration direction as they approach the CDW phase transition
temperature. In Figure 2¢ and Figure 2d, the 1L Eig mode at 300 K
and 10 K, respectively, exhibits a temperature-dependent frequency.
For the two temperatures listed, the two corresponding frequencies
characterizing the 1L E%g mode are in close spectral proximity, but
both frequencies are actually represented by different Ta atom
vibration directions. In the 1L case, the emergence of a coherent
vibration direction is not as prominent, whereas in the bulk case, all
Ta atoms abruptly rotate their vibration direction by 30° as they cross
below the critical temperature (122 K). Additional details about the
changes in the Eig mode during the CDW phase transition are in the
Supporting Information. Overall, the DFT model can be validated by
its agreement with the trends seen in the experimental data.

To obtain a clearer understanding of the DFT model used, the total
density of states (DOS) was calculated. By comparing the thin and
bulk cases in terms of their electronic structure, one can readily
explain why some modes in the bulk case should be treated differently
than modes in the thin case if such modes are aligned or spectrally
neighboring. In Figure 3a, the DOSs for the 1L and bulk systems are
shown. From the comparison between the atomically thin and bulk
system DOS, one may conclude that there are significant changes at
the Fermi level and that significant contributions originate from the d-
orbital of the Ta atoms (see Figure 3b and the Supporting
Information for other partial DOS calculations for p- and d-orbitals).
The most obvious change, other than temperature-dependent changes
in the DOS with 1L, is the DOS minimum that forms more clearly in
the 1L case. Such differences in the electronic structure are
attributable to the differences in the structural phase that occur in
the thin case versus the bulk case.”” For instance, the bulk case is
known to have a striped formation at cold temperatures whereas the
thin cases are thought to adopt a more triangular formation.*” The Ta
atoms’ contribution to the DOS strongly depends on the position of
the atoms, and the contributions are in the far lower energies of the
valance band (see the Supporting Information).*” As for the bulk case,
Ta atoms in striped formations do not contribute to the DOS.>’

The same DFT model is used to gain a better understanding for the
mid-frequency range of the Raman spectra, where experimental data
show the emergence of a forbidden mode (E{g) present in the 1L and
2L Raman spectra but not in the bulk spectrum (Figure 4a). At room
temperature, there appears to be an overlapping of the E%g and two-
phonon modes (dominant in the bulk but not in the 1L spectrum),
whereas at S K, the overlap becomes less apparent, with the E{g mode
becoming more accentuated and the two-phonon mode in bulk
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Figure 3. (a) The total densities of states (DOSs) of the d-orbitals of
Ta atoms for the 1L and bulk systems are shown in the top and
bottom panel, respectively. Furthermore, the DOSs at 300 K and 10 K
are calculated and plotted in red and black curves, respectively. (b)
The partial densities of sates (PDOSs) of the d-orbitals of Ta atoms
are shown for the 1L and bulk systems in the top and bottom panels,
respectively. Within each thickness, the left panel shows the PDOS for
an edge atom whereas the right panel shows either the vertex (1L) or
inner (bulk) atom. From the comparison between the 1L and bulk
DOS and PDOS, one may see significant changes at the Fermi level,
with significant contributions coming from the d-orbital of the Ta
atoms.
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becoming more distinct.**™*>" The position and intensity of the
forbidden E{g mode in the 1L and 2L cases were found to be
temperature-independent (see the Supporting Information). The
DFT-calculated position of the E}g mode is 149.4 cm™" (at 10 K), and
this agrees well with the previously reported experimental 1L work.**
The evolution of the temperature-dependent two-phonon mode for
bulk 2H-TaSe, systems has been discussed in a recent publication.””
One explanation for the observation of a forbidden E}, mode in the
2D limit is the introduction of a broken symmetry in the 1L case (lack
of a periodic third dimension).* For the case of 2L, the same
argument holds, though to a slightly lesser extent. The broken
symmetry still exists with a second layer, though the intensity is not as
high. As shown in Figure 4b,c, the visualization of the forbidden mode
does not appear to change with the addition of a second layer, despite
the slight redshift in both DFT and experimental data.

Last, results for the low-frequency region are examined in Figure
Sa. The experimental 1L and 2L spectra are superposed with three
DFT-calculated modes most likely to describe the observed behavior.
These modes result from phonon zone folding due to the superlattice
structure present in the CDW phase, as is expected from changing
lattice periodicities. The lowest-frequency mode is predicted at 41.7
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Figure 4. (a) Experimentally observed Raman spectra of 1L, 2L, and
bulk for the mid-frequency range. (b) The forbidden mode for 1L is
visualized here and compared with panel (c), which is the side view
visualization of the 2L forbidden mode. Both visualizations appear
very similar, despite the slight redshift in both DFT and experimental
data with an added layer.
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(d)

Figure S. (a) The experimental Raman spectra from the low-
frequency region are shown vertically translated. (b) Two modes in
the 1L case are calculated as a function of electronic temperature (o)
and determined to be a phase and amplitude mode. The DFT
predictions are compared with 1L and 2L extracted mode positions,
with errors bars indicating a 1o standard deviation from the
Lorentzian fits. (c—e) Corresponding illustrations of the 1L low-
frequency modes calculated with DFT are shown in order of
increasing frequency, determined at a set electronic temperature of 10
K

cm™ and attributed to a phase mode, which exhibits a translational
behavior with all atomic layers vibrating in the same direction.”” The

https://dx.doi.org/10.1021/acsanm.0c03222
ACS Appl. Nano Mater. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acsanm.0c03222/suppl_file/an0c03222_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.0c03222?fig=fig5&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.0c03222?ref=pdf

ACS Applied Nano Materials

www.acsanm.org

mode emerges at 40 K in the C-CDW phase and blueshifts as the
temperature decreases, as shown in Figure Sb. Experimental Raman
data were taken in steps of 25 K. Data at 50 K for both the 1L and 2L
systems does not show this phase mode, indicating that the
emergence temperature is between 25 K and 50 K. An illustration
of the phase mode is shown in Figure Sc. The second mode, as shown
in Figure 5d, is a circular mode at 69.7 cm™’, and it is independent of
temperature and atomic displacement. The third and final mode
predicted in 1L TaSe,, as shown in Figure Se, emerges near 70 K and
blueshifts with decreasing temperature and can be described as an
amplitude mode, taking on a more distorted form of circular vibration
in the opposite direction to the mode at 69.7 cm™.*” The predicted
temperature-dependent behavior of this third mode in 1L is shown in
light blue, with the experimental data for both 1L and 2L showing a
similar trend. The Raman spectra taken at 75 K did not appear to
include this mode, falling in line with the DFT prediction.

In the bulk case, four modes emerge corresponding to CDWs—
two phase and two amplitude modes with larger intensities than the
Raman Ay, and Eig modes.”’ Though the 1L and 2L modes in this
region have intensities similar to their bulk counterparts, it is
important to note that the bulk modes are completely different lattice
modes than those in the 1L or 2L spectra. These differences arise
from the changes in the phonon and electronic band structure, which
also yield differences in the DOS between bulk and thin cases (see
Figure 3). For all four modes in the bulk case, the Se atoms are
vibrating in opposite directions to each other and the Ta atoms do not
vibrate at all. However, in the atomically thin case, all atoms are
vibrating in some ordered fashion.’”> It should be noted that the
differences in CDW appearance and why these modes have different
vibrational properties stem primarily from the atomic structure that is
adopted by the material when entering the CDW phase. As was
mentioned earlier, the bulk case is known to adopt a striped lattice
formation underneath the CDW phase transition temperature.”” The
thin cases are thought to adopt a more triangular lattice for their
transition, but this topic on explicit lager dependence of CDW
formation is a topic of an ongoing work."

B CONCLUSIONS

In this work, observed low-frequency CDWs and the forbidden
mode in layered 2H-TaSe, were examined via Raman
spectroscopy and DFT. Experimental data from the more
well-known high-frequency modes (E;, and A, modes) in 1L,
2L, and bulk TaSe, were compared with DFT predictions to
validate a suitable model for exploring modes not fully
elucidated in the literature. Consequently, modes found in the
mid- and low-frequency ranges were accurately described by
the same DFT model, with the various vibrational modes
discussed for temperatures between 300 K and S K. The
significant differences observed between the modes of
atomically thin and bulk systems were subsequently rendered
visually. Overall, the methods underlying this work can be
extended to describe and visualize modes in other 2D
materials. In all cases, such investigations are necessary for
future technologies that rely on CDWs. Most relevantly,
control of CDWs or superconducting modes within these
materials can open up new tunable degrees of freedom,
enabling the development of solid-state quantum information
systems based on nonequilibrium phenomena.
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